Purpose We present the results of the visualisation of radial oxygen gradients in rats' cortices and their potential use in neurocritical management. Methods PO 2 maps of the cortex of ten sedated, intubated and controlled ventilated Wistar rats were obtained with a camera (SensiMOD, PCO, Kelheim, Germany). Those pictures were analysed and edited by a custom-made software. A virtual matrix, designed to evaluate the cortical O 2 partial pressure, was placed vertically to the artery under investigation, and afterwards multiple regions of interest were measured (width 10 pixels, length 15-50 pixels). The results showed a map of the cerebral oxygenation, which allowed us to calculate radial oxygen gradients over arterioles. Three groups were defined according to the level of the arterial pO 2 : PaO 2 <80, PaO 2 80-120 and PaO 2 >120. Gradients were analysed from the middle of the vessel to its border (1), from the border into the parenchyma next to the vessel (2) and a combination of both (3).
Introduction
The measurement of the brain tissue oxygenation plays an increasing yet still challenging role in advanced neuromonitoring. In patients suffering from traumatic brain injuries or subarachnoidal haemorrhage (SAH), a poor neurological outcome was associated with a low cerebral pO 2 [10-12, 15-17, 22] . A low normal level of brain tissue oxygen tension and the lack of buffering systems make the brain vulnerable for fluctuations of the oxygen supply [1-4, 6, 8, 9, 18, 19, 24] . Different methods were utilised to get reliable measurements of the brain oxygen tension. In general, current methods measure a small volume of tissue around the probe tip located in the white matter and reflect a valuable but limited aspect of the complex process of oxygen delivery and consumption of the brain. Here, we utilise a recently introduced method for optochemical pO 2 mapping of the cortex surface to determine radial oxygen gradients from cortex arterioles into the tissue under different inspiratory oxygen fractions [26] . We hypothesise that these gradients may reflect the cortex oxygen supply and demand.
Methods
The experiments were performed on 12 Wistar rats (376± 33 g, Charles River). After an intubation and anaesthesia with a gas mixture of isoflurane (1.2-1.5%), oxygen and nitrous oxide, a catheter was inserted in the left femoral artery for monitoring the arterial blood pressure and blood gas analysis. The FiO 2 was set between approximately 5% and 98.5% in steps between 10% and 20%. For each measurement, the mean arterial blood pressure, body temperature and actual blood gas values were recorded. Further analysis was based on the actual arterial pO 2 and pCO 2 .
The head of the animal was fixed in a stereotactic head frame, and a craniotomy was performed using a microdrill. The dura was carefully removed under a surgical microscope (Zeiss OPMI 1).
Cortical pO 2 measurement
The combination of charge-coupled device (CCD) technology with luminescent optical oxygen sensors reveals several outstanding new chances for evaluating pO 2 diffusion processes. The fundamental structure of a sensor foil and a CCD chip allows an optimal teamwork because both consist of an array of independent elements, namely indicators and pixels. In principle, the luminescent optical sensor foils consist of indicator dye-doped polymer layers which are spread onto a transparent polyester support. The polymer acts as a solvent for the indicator dye and as a membrane for the analyse (i.e. oxygen) at the same time. After being excited with light, each dye molecule (capable of interacting selectively and independently with oxygen) translates the local oxygen partial pressure within a sample into a luminescence signal. This results in a theoretically extraordinary high spatial resolution which is the basis for evaluation of the diffusion processes around vessels in our application. During the measurement, the luminescence is detected on the CCD chip where the photosensitive picture elements (pixels) convert the intensities into a greyscale value. The measuring system records a series of images with minimal time shift where one image is the colour image from which we obtain the information about the network of venules. Additional images record the time-resolved luminescence of the sensor from which an image obtaining a decay-time-dependent parameter is calculated. This decay-time-dependent parameter reflects the luminescence lifetime (=decay time) of the dye and therefore the respective pO 2 . From the pO 2 image, we obtain the network of arterioles. Areas which are neither covered by venules (colour image) nor by the arterioles (pO 2 image) can be attributed to parenchyma. Overall spatial resolution of the measurement depends on the optics used and on the resolution of the CCD chip (number of pixels) for the most part even in microscopic applications [5, 7, 13, 14] .
This method of planar optochemical pO 2 measurement on the cortex surface was as previously described [26] ( Fig. 1): A light conducting polymethyl methacrylate (PMMA) cylinder with the oxygen sensor foil, which had a length of 50 mm and a diameter of 12 mm, was placed gently on the exposed cortex and fixated by a special holder. Due to the limitation of the camera, this resulted in a pixel size of 0.03 mm×0.03 mm. On top of the cylinder, a CCD camera (AVT, Germany; resolution 780×580, 10 bit = 1,024 greyscale values) was placed. A ring with light-emitting diodes (LEDs) (λ=405 nm) was attached on the camera lens. The LEDs sent light impulses through the PMMA cylinder on the sensor foil. The light emissions (645 nm) were filtered by a 455-nm long-pass filter (GG435; Schott, Germany) to capture colour images by the camera. A custom-made trigger box Fig. 1 Experimental camera setup. On the cortex, an O 2 -sensitive foil with the PMMA cylinder is placed. The camera, objective and LED are positioned contact free over the cylinder and software (Biocam, Germany) controlled the LEDs, the camera and the picture capturing on the PC. An analysis programme allowed the read-out of pO 2 -dependent greyscale values in the captured oxygen maps and in freely selectable regions of interest (ROIs). Absolute pO 2 values were calculated from the read-out greyscale values [26] .
For the placement of these ROIs, a suitable vessel was identified with a course as straight as possible. First, an ROI (height 10 pixel, width 30-50 pixel) was placed horizontally over the artery, i.e. in the vessel's course. Depending on the anatomical course, between three and six vertical measurement columns (height 25-50 pixel, width 10 pixel) per one vessel were read out, i.e. perpendicular to the first ROI and in a position where the vessel was in the centre of the ROI (Fig. 2) . Values of singular ROIs were averaged and plotted as profiles.
Three groups of corresponding physiological data and cortical pO 2 were separated: (1) low arterial pO 2 (−80 mmHg O 2 ), (2) normal (80-120 mmHg O 2 ) and (3) high arterial pO 2 (120 + mmHg O 2 ). Furthermore, an arterial pCO 2 cutoff between 33 and 47 mmHg was chosen, i.e. all arrays below and above this range were excluded.
In each group, three kinds of gradients were investigated. The first one was calculated from the vessel's centre to the vessel border as it appears in the pO 2 maps. The second was calculated from the border region further into the parenchyma (Fig. 3 ). Gradients were collected on both sides of the vessel as long as no other vessel was branching off the main vessel, probably falsifying the results. Gradient 3 was calculated from the centre of the vessel into the parenchyma. The gradients 1, 2 and 3 were compared statistically by Kruskal-Wallis one-way analysis of variance on ranks.
Results
Altogether 195 analyses on the cerebral pO 2 maps were made containing 3.2050 single pixel measurements. Figure 4 shows an exemplary pO 2 map with the corresponding colour view.
In group 1, the mean arterial pO 2 was 54.34 ± 17.91 mmHg, ranging from 19.8 to 77.8 mmHg; in group 2, it was 88.89 ± 5.65 mmHg, ranging from 80.8 to 98.9 mmHg and in group 3 228.01±72.67 mmHg, ranging from 137.5 to 372.5 mmHg. The standard t test showed statistical significance in all three groups (p<0.001).
The following corresponding average cortical pO 2 values were found in the different groups: group 1 25.71± 30.78 mmHg, group 2 42.62±29.62 mmHg and group 3 49.55±28.89 mmHg. Here, the t test showed only statistical significance between groups 1 and 3 (p<0.05), in the comparison of the two other groups the p value was p>0.05.
The mean value of the gradient 1 was 2.62 mmHg/mm in group 1, 5.29 mmHg/mm in group 2 and 5.82 mmHg/mm in group 3. Gradient 2 ranged from 0.56 and 0.90 to 1.02 mmHg/ mm, and gradient 3 was 3.18 and 6.19 to 6.84 mmHg/mm, ascending in the different groups (Table 1 ). Figure 5 shows typical radial pO 2 profiles in the three p a O 2 groups from which the gradients have been calculated.
A Kruskal-Wallis one-way analysis showed the following results: for gradient 1, group 1 vs group 2 p<0.001, group 1 vs group 3 p<0.001, group 2 vs group 3 p=0.002; for gradient 2, group 1 vs group 2 p>0.05, group 1 vs group 3 p<0.05, group 2 vs group 3 p>0.05; for gradient 3, group 1 vs group 2 p<0.05, group 1 vs group 3 p<0.05, group 2 vs group 3 p>0.05. 
Discussion
In general, the measurement with luminescent optical oxygen sensors meets several central demands in critical care environment. The sensors are non-toxic, the measurement is completely non-invasive and, due to information guiding via light, the sensors do not need to be mounted or connected to the detector device (i.e. the CCD camera). This allows measuring from outside of closed systems through a transparent window which gives the opportunity of sealing the wound with a transparent cover (in our case, a PMMA cylinder) in order to prevent contamination. Additional advantages of the optical oxygen sensors are that they are transparent, simple to prepare, inexpensive and robust. Especially, the transparency of the oxygen sensor makes our method unique because colour images of the tissue and pO 2 images can be recorded without removing the sensor or opening the observation chamber. Therefore, it is possible to assess colour images and spatially highly resolved pO 2 images from an identical tissue region which allows an exact allocation of tissue pO 2 to tissue structures via image overlay. In conclusion, the measurement method and setup presented here meet all requirements for a highly resolved evaluation of pO 2 diffusion processes from vessels to parenchyma.
The cerebral pO 2 shows a very heterogeneous distribution and measurements depend on the location of the probe. If the chosen region consists of more neuron cell bodies than fibres, the cerebral pO 2 values are higher, reflecting the high oxygen demand of the neurons, and if it consists of more fibres, the local pO 2 is lower. As this technique measures an area, where the cell bodies have the majority, the cerebral pO 2 tension is higher than using probes, which measure more often the area of the dendrites [8] . Additionally, the distance of the probe to vessels which eventually run by are completely unknown in case of the intraparenchymal probe, whereas it is visually controlled with the presented method of cortical measurement. Moreover, the vessels are the main target of this study.
Since the sensor foil measures the whole area under it simultaneously, multiple regions of interest areas may be set and the pO 2 values read out in a parallel way, being only limited by the size and the place of the craniotomy.
It has been shown that the oxygen concentration in anaesthetised animals is lower than in conscious animals and depends on the anaesthetics used [11] . Isoflurane, which was used in this study, reduces the cerebral pO 2 . Vovenko et al. described quite concordant oxygen profiles [25] , although these measurements were obtained with repetitive single measurements with a Clarke-type electrode.
Johnson et al. mentioned pO 2 values between 25 and 104 mmHg in brain surgeries in normal physiological oxygen condition, which are comparable to the results in the normoxic group [1, 8, 16, 23] .
Here, we demonstrated that changes in arterial pO 2 are followed by significant changes in the cortical pO 2 values. We were able to detect changes in cortical oxygenation immediately in concordance to our previous findings [26] . When the arterial pO 2 is elevated, cortical pO 2 values also rise and vice versa. With the increase in arterial pO 2 , the changes in cortical pO 2 become smaller (Fig. 7) , a finding Fig. 3 Scheme for the calculation of the two gradients. Gradient 1 ranging from midst of vessel to septum of vessel. Gradient 2 ranging from septum of vessel into parenchyma which reflects the exponential relationship of arterial and cortical pO 2 .
Radial oxygen gradients over the cortical arterioles also follow the changes of the arterial pO 2 : with increasing arterial pO 2 , the gradients become larger, although not all differences between groups 2 (normal arterial pO 2 ) and 3 (high arterial pO 2 ) are significant, which resembles the aforementioned ceiling effect.
The most pronounced gradients are found from the vessel into its immediate surroundings, whereas the effect Fig. 4 a pO 2 of arterial pO 2 changes in the more distant areas around a vessel (gradient 2) is considerably smaller but still detectable. They reflect the relation of cerebral pO 2 in the area adjacent to the main vessel, which contains branching smaller vessels and the capillary bed. With a high arterial pO 2 , gradient 1 over the vessel becomes very steep compared with the peripheral gradient 2. In this case, there is probably a high supply of oxygen but still a normal consumption. With low arterial pO 2 , the consumption in the periphery of the vessel is presumed to be stable but the supply is decreased and gradient 1 is also diminished. Gradient 2 remains relatively stable and are comparably small. This may reflect a normal autoregulated oxygen distribution into the tissue [20, 21] . We speculate that disturbances of autoregulation may result in unusual values or slope of gradient 2. Gradient 1 may reflect the amount of oxygen supply. High slopes represent good up to "luxury" supply and a relatively low demand; otherwise, the slope of gradient 1 would decrease. We assume that gradient 1 reflects the oxygen distribution in the very vicinity of the cortical arteriole, covering an area directly on the surface of the vessel and adjacent areas beside the vessel, i.e. a fluid film and parenchyma with microvascular structures. Due to the restriction of the resolution, we could not exclude the contribution of capillaries from the measurements (Fig. 8) . This means that we get measurements from the outer wall of the vessel, which reflects and is presumably proportionate to the intra-arterial pO 2 , and of the adjacent areas close to the vessel. However, passive and active transport and consumption processes throughout the vessel wall take place before oxygen molecules can reach the sensor foil and therefore cannot be detected. Secondly, gradient 1 reflects the oxygen distribution close to the vessel and appears like a passive distribution process comparable to the simplifying Krogh-Cylinder model. If we combine both gradients 1 and 2, we get an overview of the cerebral pO 2 distribution process from the arteriole into the parenchyma. This parameter may serve as an estimation for the effective oxygen transport into the tissue. Although the cerebral pO 2 profiles, which we detected over the cortical arteriole, remind us of a passive diffusion process, it is clear that the underlying oxygen transport in the arteriocapillary units is much more complex and cannot be visualised with this method. Pathological states such as tissue oedema affect oxygen transport, and we assume that we can find corresponding changes in the oxygen gradients. Also, vasospasm in SAH patients may be detected if it is followed by a change in oxygen gradients, e.g. by an impaired transport through the pathological altered vessel wall (and also by analysing the simultaneously recorded colour views of the measurement area, which is not a focus of this investigation). Limitations of this investigation include inherent differences between a rat model and humans, possible induction of spreading depression by the mechanical manipulations and changes of tissue oxygen consumption and cerebral flow due to changes in FiN 2 O. In this context, a bias of the measurements is likely.
Due to this, further experiments will be necessary to show how oxygen gradients behave in pathological states with the neurocritically ill patients. The presented method Conflicts of interest None.
